Estradiol significantly influences dopamine (DA) activity in the striatum (e.g., J. B. Becker, 1990b), and researchers have strongly implicated striatal DA in the regulation of temporal integration in the seconds-to-minutes range (e.g., W. H. Meck, 1996) . In the current experiment, the author examines the effect of acute estradiol administered prior to testing on a peak-interval (PI) timing task. The administration of 5 g of estradiol 30 min prior to testing resulted in an immediate and proportional leftward shift in the timing functions relative to the PI functions obtained following the administration of the oil vehicle. The precision of the response functions was increased in a manner commensurate with the scalar property of interval timing without significant alteration of peak response rates. When timing behavior was assessed 3 days following estradiol or oil administration, no differences were found in the peak time of responding or in the precision of responding between estradiol-and oil-treated rats, indicating that the effects of estradiol on these measures of interval timing are short lived. Together, these findings indicate that estradiol selectively increases the speed of an internal clock, perhaps through facilitating striatal DA activity.
Ovarian hormones exert wide-ranging influences on a variety of behaviors. Perhaps most widely studied is the powerful role of estradiol and progesterone on the expression of female rat (Rattus norvegicus) sex behavior (for a review, see Blaustein & Erskine, 2002) . The ventromedial hypothalamus is widely considered one of the primary sites at which estradiol and progesterone act to regulate the expression of both proceptive (e.g., hopping, darting, and ear-wiggling) and receptive (e.g., lordosis) aspects of female rat sexual behaviors (Barfield & Chen, 1977; Davis, Krieger, Barfield, McEwen, & Pfaff, 1982; Molenda, Griffin, Auger, McCarthy, & Tetel, 2002; Molenda-Figueira et al., 2006; Pleim, Brown, MacLusky, Etgen, & Barfield, 1989) . Estradiol also plays a crucial role in the pacing of female rat mating behavior. Female rats prefer longer intervals between intromissions than do males, as demonstrated by females' patterns of withdrawal from sexually active males following intromissions (Erskine, 1985; Fadem & Barfield, 1982) . Infusion of estradiol to the striatum increases the degree to which females control the pace of mating, and administration of an estrogen receptor antagonist, ICI 182,780, to the striatum reduces the degree to which females control the pace of mating (Xiao & Becker, 1997) . Interestingly, sexual activity increases striatal dopamine transmission (Pfaus, Damsma, Wenkstern, & Fibiger, 1995) , and females engaged in paced mating exhibit elevations in extracellular dopamine concentrations in the striatum relative to those engaged in nonpaced mating (Mermelstein & Becker, 1995) .
In addition to influencing the temporal characteristics of mating behavior, it has been shown that estradiol improves the capacity (Daniel, Fader, Spencer, & Dohanich, 1997; Fader, Johnson, & Dohanich, 1999) and retention of spatial information in working memory (Sandstrom & Williams, 2001 . Acute estradiol administered to ovariectomized female rats also improves performance on a spatial learning task while disrupting performance on a response learning task (Korol & Kolo, 2002) . In addition, acute estradiol enhances memory consolidation following training on either a water-maze task or an object-or place-recognition task (Luine, Jacome, & Maclusky, 2003; Packard & Teather, 1997) .
Both regulation of the pacing of sexual behavior and the ability to learn and maintain information involve interval timing, the adaptation of behavior according to events whose durations are in the seconds-to-minutes range (e.g., Buhusi & Meck, 2005; Gallistel & Gibbon, 2000) . Despite the significant role of estradiol in modulating these behaviors, very few studies have examined the fundamental effects of estradiol on interval timing. Recently, a number of investigators have highlighted the similarities between the anatomical systems underlying working memory and interval timing and have proposed a neurobiological model of temporal integration that allows frontal-striatal circuits to code a variety of stimulus dimensions into working memory (e.g., Lustig, Matell, & Meck, 2005; Meck & N'Diaye, 2005) . In addition, several parallels have been identified between the neural mechanisms underlying motivation/reward (Ikemoto & Panksepp, 1999; Wise & Rompre, 1989) , mating behavior (Becker, Rudick, & Jenkins, 2001; Pfaus et al., 1995) , and interval timing (Meck, 1988) . Given these connections among interval timing, mating behavior, and learning and memory systems, it seems an obvious extension that investigators consider the possibility that hormonal manipulations, which influence working memory and the pacing of mating, also may affect timing and time perception.
The peak-interval (PI) procedure is a discrete-trials conditioning procedure used for examining the biological basis of interval timing in both rats and humans (see Church, Meck, & Gibbon, 1994; Malapani et al., 1998; Paule et al., 1999; Rakitin et al., 1998; Roberts, 1981) . This procedure involves two types of trials: fixedinterval (FI) trials and PI trials. During FI trials, a cue is presented (e.g., light), and subjects receive a reward (e.g., food pellet) for the first response (e.g., lever press) that occurs after the criterion duration has elapsed since the cue onset. PI trials differ from FI trials in that no responses are rewarded, and the cue is presented for an extended period of time (e.g., 2-3 times the criterion duration). The mean response rate function averaged over PI trials typically follows a Gaussian distribution, with its peak occurring near the criterion time. Accuracy of interval timing is measured by the discrepancy between the peak of the response function and the criterion time. Precision of interval timing is measured by the spread of the response function. Importantly, interval timing functions exhibit the scalar property such that the standard deviation of the response function is proportionate to its mean (Gibbon, 1977) .
According to information processing models of interval timing (e.g., Gibbon, Church, & Meck, 1984; Matell & Meck, 2000) , a pacemaker emits pulses that, over the course of the timing episode, are gated into an accumulator. The accumulated pulses are then compared with a reference value that has been acquired over repeated trials, and a response is generated when the accumulated value and the reference value converge. Studies of the neuropharmacology of interval timing have consistently demonstrated a role for dopamine (DA) in the regulation of the speed of the internal clock (Meck, 1996) . For example, DA agonists such as cocaine and methamphetamine consistently cause a proportional leftward shift in timing functions (e.g., Maricq & Church, 1983; Matell, Bateson, & Meck, 2006; Matell, King, & Meck, 2004; Meck, 1983) , whereas administration of DA antagonists such as haloperidol and raclopride cause a proportional rightward shift in timing functions Meck, 2005, 2006; Maricq & Church, 1983; Meck, 1983 Meck, , 1986 . Because the magnitude of the druginduced shifts is proportionate to the duration being timed, these pharmacological data strongly implicate a role for DA in the regulation of the speed of the internal clock. Moreover, neuroanatomical studies have suggested that the interactions of mesolimbic, nigrostriatal, and mesocortical dopaminergic systems are fundamental to the temporal control of behavior in the seconds-tominutes range (Meck, 1996 (Meck, , 2005 (Meck, , 2006a (Meck, , 2006b Meck & Benson, 2002) .
Interestingly, it has been shown that estradiol rapidly affects dopaminergic activity within the striatum. For example, during estrus, basal levels of extracellular DA are elevated (Xiao & Becker, 1994) . Behaviorally, female rats tested during estrus exhibit greater sensitivity to striatal DA activation than when tested during diestrus (Becker & Cha, 1989; Robinson, Camp, Jacknow, & Becker, 1982) . Acute estradiol administration to ovariectomized rats similarly enhances sensitivity of the dopaminergic system. For example, ovariectomized females injected with 5 g of estradiol benzoate show a significant increase in amphetamine-induced locomotor behavior as well as an increase in striatal DA release (Becker & Rudick, 1999) .
The role of estradiol in the modulation of striatal DA activity and the role of this system in the regulation of interval timing suggests that estradiol may significantly modulate interval timing through influences on clock speed. Specifically, if estradiol enhances striatal DA release or sensitivity to DA, then clock speed may be increased under conditions of elevated estradiol. Very few studies have examined hormonal modulation of interval timing, although several studies in humans have suggested that time perception does vary across the menstrual cycle. For example, Morita, Nishijima, and Tokura (2005) recently reported that women tested during the follicular phase of the menstrual cycle, when estradiol levels are relatively low, exhibit a decrease in clock speed as measured by both time estimation and time production tasks relative to when they are tested during the luteal phase of the menstrual cycle, when estradiol levels are somewhat higher.
In the present study, I examined the effect of acute estradiol on interval timing behavior in ovariectomized female rats. To minimize the influence of cyclic fluctuations in estradiol levels associated with the estrous cycle during conditioning, I ovariectomized the rats prior to training using a PI timing procedure with 7-s and 21-s criteria. The accuracy and precision of timing behavior was then examined during sessions beginning 30 min following acute injections of estradiol and oil.
Materials and Method

Animals
Twelve adult female Sprague-Dawley rats (Rattus norvegicus) derived from breedings in our colony were housed in pairs in a room maintained on a 12:12-hr light-dark cycle with lights on at 6 a.m. Prior to behavioral training, rats had free access to food (Mouse/Rat Diet 7012, Harlan Teklad, Madison, WI) and water and were handled at least once per week during cage changes. At 3 months of age, each female was ovariectomized via incisions made in the dorsal flanks while under isoflurane anesthesia (2.5% in oxygen). Following the procedure, antibiotic was applied to the wound, and buprenorphine hydrochloride (0.05 mg/kg, subcutaneously) was administered as an analgesic. Approximately 8 hr later, rats received a second administration of buprenorphine. Following the surgery, rats initially were housed in plastic tub cages (48 cm ϫ 27 cm ϫ 20 cm). Five days after surgery, the surgical staples were removed, and each rat was individually housed in a hanging wire cage (18 cm ϫ 25 cm ϫ 18 cm).
Apparatus
Conditioning occurred in eight identical lever boxes (30.5 cm ϫ 24.1 cm ϫ 21.0 cm; Med Associates, St. Albans, VT). Each box included a retractable lever on the left and right side of the front wall with 100-mA stimulus lights positioned directly above each of the levers. A pellet dispenser delivered 45-mg food pellets (Research Diets, New Brunswick, NJ) to a pellet receptacle located between the two levers on the front wall. Each lever box was housed in a sound-and light-attenuating chamber constructed of PVC and equipped with a ventilation fan and peephole viewer for observation. A computer running Med-PC software (Version 4; Med Associates, St. Albans, VT) controlled the lever boxes and recorded the behavioral data through SmartCtrl (Med Associates, St. Albans, VT) interface modules.
Procedures Food Restriction
Beginning 10 days following ovariectomy, rats were weighed for 3 consecutive days for determination of their free-feeding body weights. Each rat's mean body weight over these 3 days was used for computation of its target body weight of 85% of the freefeeding weight. All food was removed from the cage, and I provided daily rations to decrease each rat to its target weight. Once conditioning began, daily rations were provided to each rat approximately 2 hr following each conditioning session. Rats were weighed after each conditioning session, and rations were adjusted so that rats could be maintained at their target weights. Rats experienced one conditioning session per day, 5 days per week. On the weekends, daily food rations were provided, but rats were not conditioned.
Pretraining (Sessions 1-4)
All rats experienced four pretraining sessions during which they were exposed to the stimuli, levers, and food pellets. Initially, the left lever was extended, and each press of the lever resulted in delivery of a single food pellet on a fixed ratio 1 (FR-1) schedule. If a variable interval (M ϭ 153 s, range ϭ 100 s to 205 s) elapsed with no lever press, then the lever was quickly retracted and extended, and a pellet was spontaneously delivered to the pellet receptacle. After 10 presses on the left lever (each rewarded with a food pellet), that lever was retracted and the right lever was extended. Again, each press of the lever resulted in delivery of a food pellet on an FR-1 schedule. After 10 presses of the right lever, that lever was retracted and the left lever was extended. This time, food pellets were delivered only after every 3 lever presses through use of a fixed ratio 3 (FR-3) schedule, and the left lever remained extended for 30 presses (10 pellets), at which time it was retracted and the right lever was extended with food pellets delivered on an FR-3 schedule. Finally, the left lever was extended, and responses were reinforced on a fixed ratio 10 (FR-10) schedule for a total of 100 lever presses. This was followed by extension of the right lever, with food pellets delivered on an FR-10 schedule for 100 lever presses. Each pretraining session continued until the rat completed the FR-10 schedule on both levers or until 30 min had elapsed.
Fixed-Interval (FI) Training (Sessions 5-18)
Each trial during a conditioning session began with the illumination of one of the front panel lights concurrent with the extension of the corresponding lever. The rat was able to press the lever throughout the trial; however, no food pellets were delivered until the first lever press that followed the assigned FI. One light-lever combination was assigned a 7-s FI schedule, and the other lightlever combination was assigned a 21-s FI schedule (counterbalanced across rats). These durations were selected because the neural circuitry underlying timing of durations in this range has been well studied (e.g., Buhusi & Meck, 2005; Gibbon, Malapani, Dale, & Gallistel, 1997) . Immediately following the first response after the criterion duration, a 45-mg food pellet was delivered to the pellet receptacle, the light was turned off, and the lever was retracted. Each trial would self-terminate with offset of the light and retraction of the lever if the rat did not make a response after the criterion duration and before a randomly determined duration between 2.5 and 3 times the target duration. A randomly selected intertrial interval (ITI; M ϭ 50 s, range ϭ 40 s to 60 s) followed each trial. Equal numbers of 7-s and 21-s trials occurred during each session, and the sequence of trial types was randomly determined with the restriction that no more than eight trials of the same interval occurred consecutively. FI training sessions lasted 60 min each, after which the rats were removed from the lever boxes, weighed, and returned to their home cages.
PI Training (Sessions 19 -78)
These sessions were similar to the FI training sessions; however, nonreinforced probe trials were administered on a random 50% of the trials. These probe trials were identical to the FI training trials with the exceptions that (a) no food pellets were delivered and (b) the panel light remained on and the lever remained extended for a randomly determined duration equal to 2.5-3 times the target interval. The mean ITI during this phase of testing was 45 s (range ϭ 35 s to 55 s). Each PI training session consisted of 48 trials (12 of each trial type) and lasted approximately 60 min.
Hormone Treatment PI Tests (Sessions 79 -104)
During this 6-week period, PI training occurred on Monday through Thursday, as described above; however, the Friday training sessions alternated between sessions that occurred following 100-l subcutaneous (sc) injections of sesame oil (Sigma, St. Louis, MO) and sessions that occurred following sc injections of 5 g estradiol benzoate (Steraloids, Inc., Newport, RI) suspended in 100 l of sesame oil. This dose of estradiol results in serum levels of estradiol that are comparable to the levels naturally occurring during proestrus (Butcher, Collins, & Fugo, 1974) , and this dose exerts rapid effects on striatal DA activity (Becker, 1990b; Becker & Rudick, 1999) . All injections were administered 30 min prior to the onset of the training session. During each of these sessions, 50% of the trials were nonreinforced probe trials, and 50% were reinforced FI training trials. Each session consisted of 48 trials (12 of each type) and lasted approximately 60 min.
Data Analysis
For each rat, lever presses on short-interval probe trials were recorded into 1-s time bins, whereas lever presses on long-interval probe trials were recorded into 3-s time bins. Following each test session, the mean distribution of responses across all short-interval probe trials and the mean distribution of responses across all long-interval probe trials were separately examined for each rat. Each response distribution was fit with the following Gaussian curve plus linear ramp function:
where t is the current time bin and R(t) is the number of responses in time bin t. The iterative algorithm generated parameters a, b, c, d, and t 0 . The peak response time was estimated by t 0 ϫ w, where w is the width of the time bin for that function (1 s or 3 s). The precision of the timing function was estimated by b ϫ w. The peak response rate in responses per minute for each function was estimated by (a ϩ d) ϫ 60/w. For each rat, temporal control was confirmed by computation of the ratio of (a) the variance accounted for by a straight-line fit to the data to (b) the variance accounted for by the Gaussian curve plus linear ramp function for each interval under each treatment condition. If the average ratio for a rat exceeded 0.5, that rat's data were excluded from the analyses. Through use of this criterion, 1 rat was excluded.
Timing During Oil and Estradiol Test Sessions (Fridays)
First, I separately analyzed the three test sessions that occurred on days of oil administration and the three test sessions that occurred on days of estradiol administration by using repeated-measures analyses of variance (ANOVAs) with session (1 vs. 2 vs. 3) and target interval duration (7 s vs. 21 s) as repeated measures to determine whether the peak response times changed across the three oil test sessions or across the three estradiol test sessions. Although, in both analyses, the effect of interval was statistically significant, with peak time longer for 21-s trials than for 7-s trials, Fs(1, 10) Ͼ 547.18, ps Ͻ .001, the effects of session and the Session ϫ Interval interactions were not statistically significant, Fs(2, 20) Ͻ 1.40, ps Ͼ .05. Given that the peak time of responding did not change as a function of session for either oil or estradiol test conditions, the data from the three oil test sessions were collapsed together, as were the data from the three estradiol test sessions.
After collapsing the data across sessions, new response functions were calculated for each interval and hormone treatment combination for each rat through use of the Gaussian curve plus linear ramp function. The peak times of responding, the precision of the response functions, the peak rates of responding, and the mean response rates across all time bins were analyzed through use of repeated-measures ANOVAs (SPSS, Version 13.0, SPSS, Inc., Chicago, IL), with treatment (oil vs. estradiol) and target interval duration (7 s vs. 21 s) as repeated measures. To determine whether shifts in peak time were proportionate to the durations being timed, I standardized the target intervals to values of 1.0, and the resulting standardized estimates of peak time were then analyzed with a repeated-measures ANOVA. To determine whether estradiol treatment influenced the accuracy of the peak response times relative to the target durations, I conducted a series of one-sample t tests, in which the observed peak response time under each condition to the target times of 7 s and 21 s were compared. Finally, to determine whether estradiol influenced precision independent of its effect on peak time, I standardized the estimates of precision for each function by dividing them by their respective peak times and analyzed the resulting standardized estimates of precision with a repeated-measures ANOVA.
Timing During the First Washout Sessions Following the Estradiol and Oil Sessions (Mondays)
To determine whether the effect of acute estradiol on interval timing behavior persisted beyond the test sessions that immediately followed hormone administration, I compared the mean response distributions generated during the Monday test sessions (the first test sessions occurring after the Friday estradiol or oil test sessions) through use of repeated-measures ANOVAs, with the repeated measures being (a) treatment administered on the preceding Friday (oil vs. estradiol) and (b) target interval duration (7 s vs. 21 s). Table 1 summarizes the peak response times, the precision of the response functions, the peak rates of responding, and the mean response rates generated during the sessions immediately following oil and estradiol administration (Fridays) as well as during the washout sessions that occurred 3 days following hormone priming (Mondays). As an illustration of the general shape of the timing functions following priming with oil and estradiol, I converted the response distributions for each rat to reflect the proportion of maximal responding as a function of time. The PI timing functions that are based on the median proportion of maximal responding within each bin are illustrated in Figure 1 .
Results
Timing During Oil and Estradiol Test Sessions (Fridays)
Temporal accuracy (peak time of responding). As described above, the binned responses for each rat's distributions were plotted and fit with Gaussian curve plus linear ramp functions. The peak response times for each individual rat's response functions, as determined by the means of the Gaussian fits, were analyzed with a repeated-measures ANOVA, with interval and treatment as repeated measures. This analysis revealed main effects of interval, F(1, 10) ϭ 577.95, p Ͻ .001, and treatment, F(1, 10) ϭ 11.58, p Ͻ .01, as well as a significant Interval ϫ Treatment interaction, F(1, 10) ϭ 4.96, p ϭ .05. Together, these data indicate that rats successfully discriminated between the short and long durations and that the estradiol administered prior to the conditioning session caused a leftward shift in the timing functions, with the magnitude of the shift being greater for the long interval than for the short interval, as illustrated in Figure 2A .
The Interval ϫ Treatment interaction raises the question of whether the magnitude of the leftward shift in the timing functions induced by estradiol is proportionate to the interval being timed. As a way of examining this question, the target intervals were standardized to a value of 1.0, and the resulting peak times were analyzed with a two-factor, repeated-measures ANOVA. This analysis confirmed the main effect of treatment, F(1, 10) ϭ 12.49, p Ͻ .01, with estradiol treatment associated with earlier peak times than oil treatment. There was no significant main effect of interval, and there was no Interval ϫ Treatment interaction, Fs(1, 10) Ͻ 0.07, ps Ͼ .80. This finding indicates that the magnitude of the horizontal leftward shift in timing caused by estradiol is proportionate to the duration of the target interval, as illustrated in Figure  2B . This finding provides strong evidence that estradiol treatment leads to an immediate increase in the speed of an internal clock, possibly as a result of increased DA release.
To determine whether the time of peak responding was more accurate following priming with oil or priming with estradiol, I conducted one-sample t tests that compared the observed peak response time under each condition to the conditioned times of 7 s and 21 s. These analyses confirmed that the peak response times following oil priming (7.11 s Ϯ .27 and 21.51 s Ϯ .78) did not differ significantly from the targets, ts(10) Ͻ 0.66, ps Ͼ .52. Similarly, the peak response times following estradiol priming (6.80 s Ϯ .26 and 20.57 s Ϯ .64) did not differ significantly from the targets, ts(10) Ͻ 0.76, ps Ͼ .46. These findings indicate that estradiol priming did not yield a more accurate timing function relative to the target but, rather, shifted the peak leftward such that peak responding occurred slightly before the target interval had elapsed.
Temporal precision. Analysis of the spread of the raw timing functions revealed main effects for interval, F(1, 10) ϭ 189.62, p Ͻ .001, with more precise timing of the 7-s interval than the 21-s interval. The main effect of treatment was also significant, F(1, 10) ϭ 5.56, p Ͻ .05, with more precise timing following estradiol treatment than oil treatment. The Interval ϫ Treatment interaction approached statistical significance, F(1, 10) ϭ 4.42, p ϭ .06, as illustrated in Figure 2C . The improvement in temporal precision associated with estradiol treatment would be expected, given the Note. During the testing sessions that immediately followed estradiol or oil administration (Fridays), estradiol priming caused a decrease in peak response times and more precise timing functions relative to oil priming. The mean rate of responding also was reduced by estradiol administration. During the test session that occurred 3 days after hormone or oil administration (Mondays), there were no significant effects of earlier estradiol treatment on peak time or precision; however, both the peak rate of responding and the mean rate of responding were lower after earlier estradiol administration. PI ϭ peak interval; s ϭ seconds; resp/min ϭ responses per minute. Figure 1 . Timing functions (7-s and 21-s) following oil and estradiol administration. The median proportion of maximal responding was plotted as a function of time across all rats for each interval and hormone treatment. These data were then fit with a Gaussian plus linear function for generating the curves illustrated. Note that for statistical analyses, separate timing functions were calculated for each rat in each interval and treatment condition.
accompanying leftward shift in the timing function and the scalar property of interval timing (Gallistel & Gibbon, 2000; Gibbon, 1977 Gibbon, , 1991 . To examine whether estradiol improved temporal precision independently of this leftward shift, I controlled for the shift by dividing the spread of each peak function by that function's peak time. These standardized spreads were then analyzed with the two-factor ANOVA, which revealed no significant main effects or interactions, Fs(1, 10) Ͻ 2.34, ps Ͼ .15 (data not shown). These findings suggest that the improvement in temporal precision resulting from estradiol treatment was a consequence of the leftward shift in the timing function and the associated scalar property of interval timing and was not due to an improvement in precision independent of the change in peak time.
Peak and mean response rates. The peak response rates and the mean response rates for each function were separately analyzed with repeated-measures ANOVAs, with interval and treatment as repeated measures. Analysis of the peak response rates yielded a significant main effect of interval, F(1, 10) ϭ 15.422, p Ͻ .01, with a faster peak rate for the short trials than for the long trials. Neither the main effect of treatment nor the Interval ϫ Treatment interaction was significant, Fs(1, 10) Ͻ 0.09, ps Ͼ .78. Analysis of the mean rate of responding yielded a significant effect of interval, F(1, 10) ϭ 19.90, p Ͻ .01, with higher rates of responding during short trials. The main effect of treatment was also significant, F(1, 10) ϭ 6.12, p Ͻ .05, with estradiol treatment associated with a lower overall rate of responding. The Interval ϫ Treatment interaction, however, was not significant, F(1, 10) ϭ 3.29, p ϭ .10.
Timing During Washout Test Sessions (Mondays)
To examine whether the effects of acute estradiol administered 30 min prior to testing on an interval timing task persisted over a 3-day washout period, I examined the timing behavior of rats tested on the Mondays following the Friday administrations of oil and estradiol. Peak time, precision, peak response rate, and mean response rate were separately analyzed with a series of repeatedmeasures ANOVAs, with the preceding treatment (oil vs. estradiol) and interval (short vs. long) as repeated measures. The analyses of the peak time and precision of responding yielded significant main effects of interval, Fs(1, 10) Ͼ 70.67, ps Ͻ .01, with earlier peak times and more precise responding on short trials than on long trials. Neither the main effects of treatment nor the Interval ϫ Treatment interactions were significant, Fs(1, 10) Ͻ 1.57, ps Ͼ .23. The analyses of the peak response rates and mean response rates yielded significant main effects of interval, Fs(1, 10) Ͼ 14.74, ps Ͻ .01, with higher peak rates of responding and mean rates of responding on short trials than on long trials. Significant main effects of treatment, Fs(1, 10) Ͼ 4.91, ps Յ .05, indicate that response rates remained slower 3 days following estradiol administration than 3 days following oil administration. The Interval ϫ Treatment interactions were not statistically significant, Fs(1, 10) Ͻ 2.53, ps Ͼ .14.
Discussion
The present data demonstrate that acute estradiol significantly influences timing behavior of ovariectomized rats. Specifically, estradiol treatment causes leftward shifts in timing functions that are proportionate to the target durations, suggesting an increase in the speed of the internal clock. This shift, however, does not result in more accurate timing relative to the target durations. Estradiol treatment improves the precision of the response functions, although it appears that this improvement is due to the increase in Figure 2 . Estradiol-induced shifts in timing function parameters. A: I calculated the magnitude of the leftward shift caused by estradiol treatment by determining the peak of the timing function for each animal under each interval and treatment condition and then subtracting the peak time for the 7-s and 21-s estradiol functions from the peak times for the oil functions. Estradiol caused a leftward shift in the timing functions relative to oil, and this shift was greater for the 21-s interval than for the 7-s interval (p ϭ .05). B: The magnitude of the shift in the timing function associated with estradiol treatment was proportionate to the target interval. When the functions were standardized with respect to the target interval, there was no difference between the magnitudes of the shift induced by estradiol relative to oil for the 7-s and 21-s trials. C: Estradiol increased precision relative to oil, as evidenced by a decrease in the spread of the timing functions. This increase in precision was marginally greater for the 21-s interval than for the 7-s interval (p ϭ .06). Error bars signify standard error of the mean (SEM).
clock speed and the associated scalar property of interval timing. Although estradiol does cause a slight decrease in the mean rate of responding across the entire PI trial, it does not cause changes in the maximal rates of responding. The effects of estradiol on the peak time of responding and the precision of responding are relatively short lived, with no differences evident between estradiol-and oil-treated conditions when assessed 3 days following priming.
Clock Speed Effects
Treatment with estradiol caused a small, but significant, leftward shift in the timing functions produced by ovariectomized female rats that was proportionate to the target durations. Had the shifts in timing the 7-s and 21-s intervals been similar in magnitude, rather than proportionate, then the conclusion might be that the hormone manipulation influenced the initiation of timing during trials or affected motor processes required for responding. Such an observation might be expected, considering it has been shown that performance of motor responses varies across the estrous cycle (Becker, Snyder, Miller, Westgate, & Jenuwine, 1987) . However, the proportionality of shifts in the timing functions strongly suggests that estradiol administration influenced the speed of the internal pacemaker rather than simply influencing motor abilities or the latency at beginning the timing (e.g., Penney, Holder, & Meck, 1996) .
Although the averaged response functions of individual rats are characterized by a Gaussian function, individual trials are typically characterized by a single-step function in which there is an abrupt transition from a very low rate of responding to the sudden onset of a high rate of responding and, finally, a return to a low rate of responding (Abner, Edwards, Douglas, & Brunner, 2001; Church et al., 1994; Matell et al., 2006) . Single-trials analyses, in which the start time and stop time of responding on individual trials are examined, have proven useful in confirming that (a) pharmacological manipulations such as amphetamine administration cause leftward shifts in timing functions because of changes in clock speed and (b) such manipulations are not merely due to either changes in rates of responding on individual trials or changes specifically in the start time or stop times, which are thought to be mediated by the dorsal and ventral striatum, respectively . In the present study, responses made across PI testing trials within each session were automatically recorded into bins associated with each interval, but the times of responses within individual trials were not recorded. Unfortunately, this precludes singletrials analyses. Despite this, the proportionality of the estradiolinduced shift in timing functions in the present study suggests that estradiol significantly influences clock speed, although estradiol also may affect the start and stop times on individual trials.
Neuroanatomical models that are based on lesion studies and pharmacological manipulations have implicated dopaminergic projections from the substantia nigra to the striatum in the regulation of pacemaker speed. Lesions of the substantia nigra as well as administration of dopaminergic antagonists cause immediate rightward shifts in timing functions that are proportionate to the target durations, whereas methamphetamine and other dopamine agonists cause immediate proportionate leftward shifts (Maricq & Church, 1983; Matell et al., 2006; Meck, 1983 Meck, , 1996 . The similarity between horizontal shifts in interval timing associated with dopaminergic drugs and the observed shift following the current estradiol treatment suggests that estradiol may influence interval timing through mechanisms involving striatal DA. In fact, it has been shown that several measures of dopaminergic functioning are sensitive to estradiol. For example, the density of striatal DA reuptake sites (Morissette & Di Paolo, 1993) , the distribution of DA receptor binding sites (Di Paolo, Falardeau, & Morissette, 1988) , and basal levels of extracellular concentrations of DA (Xiao & Becker, 1994) fluctuate across the estrous cycle. Ovariectomy significantly diminishes the amphetamine-induced release of DA in the striatum, and this phenomenon is rapidly reversed following a single 5-g injection of estradiol benzoate (Becker & Rudick, 1999; Castner, Xiao, & Becker, 1993) ; furthermore, this estradiolinduced enhancement of DA activity is accompanied by changes in motor activity and stereotyped behavior (Becker, 1990b; Becker & Beer, 1986; Becker & Rudick, 1999) .
Taken together, these findings suggest that acute estradiol administered to ovariectomized rats may induce a proportional leftward shift in interval timing behavior through changes in striatal DA activity. It must be noted that although basal levels of striatal DA do vary across the estrous cycle (Xiao & Becker, 1994) , ovariectomized females injected with acute estradiol do not exhibit differences in basal DA release in the striatum; rather, estradiolinduced increases in DA are evident only following amphetamine stimulation (Becker & Rudick, 1999; Castner et al., 1993) . In contrast, chronic estradiol administration does significantly increase basal striatal DA concentrations (Ohtani, Nomoto, & Douchi, 2001 ). The present study used acute treatments that have not been shown to alter DA activity in the absence of stimulation, although the possibility remains that estradiol, in conjunction with behavioral training on the interval-timing tasks, alters striatal DA activity and that this alteration may drive the observed changes in the timing functions. This hypothesis is still in need of testing.
Regardless of the underlying neurobiological mechanism, it is clear that acute estradiol administered 30 min prior to behavioral testing causes a small, but significant, leftward shift in the PI functions in a manner consistent with an increase in the speed of an internal clock.
Temporal Precision
When rats were tested following the administration of estradiol, the precision of responding improved marginally relative to the precision of responding following oil treatment; that is, estradiol treatment resulted in a decrease in the spread of the Gaussian response functions. Evaluating the temporal precision of responding relative to the peak of the response function, however, confirms that the improvement in precision was a consequence of the leftward shift in the peak response time. According to the scalar property of interval timing, the variability in responding is directly proportional to the peak time of the response function (Gibbon, 1991; Gibbon et al., 1984 Gibbon et al., , 1997 ; as the peak times following treatment with estradiol became shorter, the spread of the response functions became proportionally smaller.
It has previously been shown that estradiol improves working memory capacity (i.e., the ability to maintain more trial-specific items in memory; Daniel et al., 1997; Fader et al., 1999) as well as working memory retention (i.e., the ability to maintain a trialspecific memory over a longer delay; Sandstrom & Williams, 2001 . Given that each PI trial requires that the rat maintain a continuously updated memory of the elapsed duration, a prediction might be made that the administration of estradiol (which has been shown to improve working memory) would improve the precision of the response functions above and beyond that related to changes in clock speed. Contrary to that prediction, however, treatment with estradiol did not significantly improve precision beyond the improvement because of the scalar property and the leftward shift in the timing functions. There are several potential explanations for this finding. First, the precision of the response functions may not be a good measure of working memory. In fact, other drugs such as physostigmine, which improve performance on spatial working memory tasks such as the radial-arm maze task (Beninger, Wirsching, Mallet, Jhamandas, & Boegman, 1995; Braida et al., 1996; Dennes & Barnes, 1993 ) and a delayed non-match-to-sample task (Ohta, Ni, Matsumoto, & Watanabe, 1991) , fail to immediately affect precision of timing functions and require repeated administration over the course of a number of consecutive sessions (Meck, 1996; Meck, Church, Wenk, & Olton, 1987) . It is also possible that any effects of estradiol on the precision of responding may not be evident immediately after hormone administration. Estradiol-induced improvements in working memory retention tested on a water-maze task are not evident for at least 8 hr following hormone administration (Sandstrom & Williams, 2004) . In the present study, the effect of estradiol on timing functions was assessed 30 min to 90 min following hormone administration. Although estradiol significantly affects striatal DA activity (Becker, 1990b; Becker & Rudick, 1999; Castner et al., 1993) and causes a leftward shift in the interval-timing function during this window of time following administration, changes in the precision of responding may not be evident for a longer period of time. In the present study, rats were not trained on the 2 days following the treatment session. As such, potential effects of estradiol on precision that may be apparent 1-2 days following treatment were not examined. However, the timing functions generated 3 days following oil and estradiol priming (Mondays) exhibited no significant differences in precision. These findings indicate that estradiol, although acutely affecting clock speed, does not cause additional effects on the precision of timing behavior assessed either immediately after hormone treatment or 3 days later.
Response Rate
There was little effect of estradiol on motor behaviors as measured by the peak rate of responding within the probe trials. This observation suggests that estradiol did not significantly influence either the ability to perform the lever-press response or the motivation to respond. Estradiol did cause a small decrease in the mean number of lever presses across the trials, suggesting the possibility that the estradiol induced stereotyped behaviors that competed with the lever-press response. The lack of an effect on peak response rate, however, makes this unlikely.
General Conclusions
The present study indicates that acute estradiol causes an immediate leftward shift in interval-timing functions. The magnitude of the shift is proportionate to the target duration, and the increase in precision of the response functions caused by estradiol conforms to the scalar property of interval timing. Together, these findings suggest that acute estradiol increases the speed of the internal clock by affecting dopaminergic mechanisms (e.g., Buhusi, 2003; Meck, 1996) .
The most likely mechanism through which estradiol could influence clock speed involves regulation of the striatal DA system. Repeatedly, researchers have shown that pharmacological manipulations that stimulate striatal DA activity cause leftward shifts in timing functions that are associated with increases in clock speed (e.g., Buhusi & Meck, 2002; Cevik, 2003; Maricq & Church, 1983; Matell et al., 2006; Meck, 1983) . It has been shown repeatedly that estradiol increases stimulated DA release in the striatum, both in vivo and in vitro (Becker, 1990a (Becker, , 1990b (Becker, , 1999 Becker & Rudick, 1999; Castner et al., 1993) . In addition, estradiol inhibits striatal DA transporter activity (Disshon, Boja, & Dluzen, 1998) and alters DA receptor expression and sensitivity in the striatum (Di Paolo, Poyet, & Labrie, 1981; Levesque & Di Paolo, 1988) . It is not currently known whether the observed effect of acute estradiol on interval timing is due specifically to its actions in the striatum. Future studies examining the effects of targeted administration of estradiol to the striatum will address this question.
These results are the first that describe modulation of interval timing by steroid hormones. The functional significance of estradiol-induced changes in the speed of this internal clock is not clear. The functionally meaningful consequence of enhanced DA activity may be its effect on the reward value of stimuli, which could, in turn, significantly affect learning and memory (e.g., Bizo & White, 1995; Gallistel & Gibbon, 2000; Killeen & Fetterman, 1988; Meck, 1988 Meck, , 2006b . Researchers have repeatedly shown that estradiol modulates performance on learning and memory tasks (Daniel et al., 1997; Fader et al., 1999; Korol & Kolo, 2002; Sandstrom & Williams, 2001 , and these effects may be due, in part, to changes in DA systems (Daniel, Sulzer, & Hulst, 2006) . Thus, estradiol may alter DA function so as to alter the reward value of some stimuli, consequently influencing performance on learning and memory tasks. It must be noted, however, that there was no effect of estradiol on the peak rate, which suggests that there was no significant change in the reward value of the food pellets. It is also possible that the influence of estradiol on interval timing may play a functionally meaningful role in the regulation of mating behavior. Sexual activity increases striatal dopamine transmission (Pfaus et al., 1995) , and this increase is further elevated in females engaged in paced mating Mermelstein & Becker, 1995) . Blocking estrogen receptors in the striatum prevents the increase in the probability of exiting the mating arena following copulatory contact that is evident in estradiol-treaded females (Xiao & Becker, 1997) . This estradiol-induced change in the timing of female rat mating behavior may be functionally related to the estradiol-induced changes in interval timing reported here. It is clear that estradiol potentially can influence mechanisms underlying reward and motivation, learning and memory, and reproductive behaviors. The possible relationships among these phenomena remain important areas of investigation.
Because these results are the first that describe modulation of interval timing by steroid hormones, they raise several interesting questions. First, although it appears that acute estradiol increases clock speed in ovariectomized female rats, it is not known whether such an effect occurs in male rats. Unlike female rats, male rats do not respond to acute estradiol administration with increases in stimulated striatal dopamine release (Becker, 1990a (Becker, , 1999 Castner et al., 1993) . Furthermore, ovariectomized females are more sensitive than are castrated males to the behavioral effects of psychostimulants and show greater sensitization to psychostimulants (Hu & Becker, 2003; Hu, Crombag, Robinson, & Becker, 2004) . Together, these findings suggest that males may be less sensitive to the effects of estradiol on interval timing behavior. Such a finding would be consistent with other sex differences in cognition that have been attributed to organizational effects of gonadal steroid hormone exposure during early development (Isgor & Sengelaub, 1998 Williams, Barnett, & Meck, 1990; Williams & Meck, 1991) . In ongoing studies, researchers in our lab are examining potential sex differences in the effects of acute estradiol on timing behavior of gonadectomized male and female rats and the role of early gonadal secretions in determining subsequent sensitivity to estradiol in adulthood.
A second intriguing question concerns the parameters under which estradiol influences interval timing. The present study involved 4 months of ovarian hormone deprivation prior to the onset of estradiol administration, in part as a way of avoiding the potential noise contributed by cyclic fluctuations in estradiol across the estrous cycle of intact female rats during conditioning. In recent studies examining the parameters under which estradiol influences performance on spatial learning and memory tasks, however, researchers suggest that long periods of ovarian hormone deprivation are associated with reduced sensitivity to estradiol replacement (Daniel, Hulst, & Berbling, 2006; Gibbs, 2000) . It is unclear whether estrogenic modulation of interval timing behavior is similarly influenced by the duration of ovarian hormone deprivation. If sensitivity to acute estradiol administration is reduced with extended periods of hormone deprivation, larger effects of estradiol on the speed of the internal clock may be evident if interval timing behavior is examined after a shorter period of hormone deprivation.
In conclusion, the present data demonstrate a significant effect of estradiol in the regulation interval timing behavior. Specifically, estradiol administered to ovariectomized female rats causes leftward shifts in timing functions that indicate an increase in the speed of the internal clock. Estradiol did not influence the precision of responding, nor did it significantly influence the peak response rate. Accurate timing of intervals in the seconds-tominutes range is fundamental to a wide variety of behaviors, including computational learning, neuroeconomics, and reaction time (e.g., Buhusi & Meck, 2005; Gallistel & Gibbon, 2000; MacDonald & Meck, 2004) , as well as to optimal foraging and a variety of food protection behaviors (e.g., Bateson, 2003; Brunner, Kacelnik, & Gibbon, 1992; Hills & Adler, 2002; Wallace, Wallace, Field, & Whishaw, 2006) ; additionally, interval timing is likely central to the reproductive success of female rats. Despite the important role of estradiol in the modulation of learning, memory, and reproductive behavior, few studies have examined how this hormone may affect interval timing abilities and the impact that this phenomenon may have on other behaviors that rely on accurate timing ability. The present data indicate that ovarian hormones-in particular, estradiol-significantly influence such timing abilities.
